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Abstract 
This paper aims to develop a bioceramic that actives the osteogenesis on the surface of Ti implants. This material is a mixture of 
natural hydroxyapatite, Ca5(PO4)3(OH) (HAB), with different weight fractions of TiO2, X. The HAB is obtained from pyrolyzed 
(900 ºC) and ground (45-100 μm) fresh bovine bone, which is mixed with TiO2, shaped by pressing (200 MPa), and sintered at 
1000-1300 ºC per 2 hours. The electron microscopy observations and X-ray diffraction analysis show that increasing sintering 
temperature and X, promote the formation of a nearly continuous TiO2 matrix, with embedded grains of tri and tetra-calcium 
phosphates, products of HAB decomposition. Also, the process leads the formation of calcium titanate, CaTiO3, which is the 
phase responsible for the possible sought biological effect.  
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1. Introduction 
Hydroxyapatite (HA) is a bioactive ceramic, widely used in surgery for replacement and repair of hard tissue, due 
to its similarity to bone mineral composition [Martinez (2012)]. However, due to the HA pronounced fragility, the 
scope of orthopedic and dental applications is limited to non load bearing conditions [Ozols (2009)]. This deficiency 
has led to the incorporation of biocompatible oxides (SiO2, Al2O3, ZrO2 [Ozols (2009)], TiO2 [Oktar (2006)], etc.) 
with the aim to get reinforced matrices. However, the cost of these combinations may cause driven to thermal 
decomposition of the HA, and the formation of new phases by solid state reactions, due to the difference in sintering 
temperatures between HA and these compounds. Simultaneously, these efforts seek to improve the interface 
between metallic implants and surrounding tissue. This is carried out through the development of coatings on nano 
or micrometric scale produced by sol-gel techniques [Harle (2006) and Enayati-Jazi (2012)] or thermal spraying [Li 
(2003)]. These efforts pretend to promote the osteogenesis on the implant surface, which is still poor in titanium 
alloys. In particular, the combination of TiO2 with HA seems to be an ideal candidate to fulfil the two mentioned 
objectives. The idea is based on the assumption that the oxide titanium is capable of improving the osteoblast 
adhesion and inducing bone cell growth.  
The present study aims to assess the phase distribution in ceramic compounds based on TiO2 and natural 
hydroxyapatite (HAB), instead of synthetic HA. The evolution of bioceramic is determined as a function of oxide 
content, x (0-100 % in wt.) in a range wider than the published in the literature. In addition, the explored sintering 
temperature range allows (1000-1300 "C) obtaining tenacious pieces that are useful for clinical applications. In 
particular, the content of Calcium Titanate, CaTiO3 is determined, because this phase is recognized by its bioactivity 
[Wei (2007) and Abe (2008)]. This could improve the osteogenic capability of HAB- xTiO2 bone substitutes, which 
be in whether in contact with Ti alloy implants or forming part of their coatings.  
2. Experimental Procedure 
HAB is obtained by processing fresh bovine bone, which is subjected to steps of: chemical cleaning, drying, 
pyrolysis in an oxidizing atmosphere (900 "C for 2 hours), milling and sieving, separating the particle fraction of 45-
100 μm (Fig.1). 
The HAB powder is used to prepare the blends of HAB-xTiO2 (x = 12.5, 25, 50, 75 and 100 %, in the weight of 
TiO2). All powders are shaped as tablets (20 mm in diameter and 6-8 mm thick) by dry uni-axial pressing (200 
MPa). The green pieces are subjected to thermal cycle in air, composed by gradual warming at 300 "C/h, up to the 
sintering temperature (1000, 1200 and 1300 "C, for 2 hours,), and cooling at less than 300 "C/h until reaching room 
temperature. 
The samples plated with Au-Pt are observed by scanning electron microscopy (SEM, Zeiss, Supra model 40), 
while local chemical composition is determined by energy spectrometry (EDS, Oxford Instruments). 
The phase distribution of all samples is determined by X-ray diffraction (XRD, Rigaku), employing a vertical 
goniometer in T-T configuration, with 2T  scans of 10-70º and a step of 0.02º. Equipment is operated at 40 KV with 
a filament current of 30 mA, with Cu filtered radiation (wavelength OKD = 0,154 nm). The searched phases are 
specified in Table 1; which correspond to those reported in the literature, when HA decomposition can be produced 
[Liao (1999) and Ou (2013)] and reactions with TiO2 are feasible [Wei (2007) and Abe (2008)]. 
     Table 1. Phases searched and the position of maximum intensity of each  [ICDD (2005)]. 
Phase Formula  Name 2T of Imax (h k l) File 
HA Ca5(PO4)3(OH) Hydroxyapatite 31,797 2 1 1 34-0010 
TTCP Ca4O9P2  Tetracalcium Phosphate 29,792 0 4 0 70-1379 
E-TCP E-Ca3O8P2 E- Tricalcium Phosphate  31,027 0 2 10 55-0898 
CaO CaO Calcium Oxide 37,346 2 0 0 37-1497 
CaTiO3 CaTiO3 Perovskite 33.117 1 1 2 86-1393 
TiO2 TiO2 Rutile 27,444 1 1 0 76-0317 
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Fig. 1. Synthesis process of natural hydroxyapatite-TiO2 bioceramics. 
 
3.  Results and discussion 
XRD analysis of the samples are listed in Table 2, along with measurement of the intensities corresponding to the 
position of the maxima of each pure phase (Table 1). 
Table 2. Measured intensities of the peaks corresponding to the position of the maxima of each phase. 
T [C] X [% en peso] HAb E-TCP TTCP CaO CaTiO3 TiO2 
1000 0 100 0 0 0 0 0 
1000 12,5 26 100 16 10 70 36 
1000 25 15 100 15 7 76 58 
1200 0 100 26 4 0 0 0 
1200 12,5 0 100 13 4 69 19 
1200 25 0 41 7 5 25 100 
1200 50 26 100 16 7 70 36 
1200 75 0 15 3 4 6 100 
1200 100 0 0 0 2 0 100 
1300 0 28 100 14 11 0 0 
1300 12,5 0 100 11 6 63 13 
1300 75 0 38 3 3 22 100 
1300 100 0 0 0 0 0 100 
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The variation of the intensities of all Bragg reflections of each phase at different sintering temperatures (1000, 
1200 and 1300 "C) and initial TiO2 contents are displayed in Figs. 2-3. 
 
Fig. 2. Diffractograms of HAB-xTiO2 at 1000 and 1200 "C 
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Fig. 3. Diffractograms of HAB-xTiO2 at 1300 "C 
 
 
The HAB is not affected when it is sintered at 1000 C and/or when TiO2 initial content is zero (Fig. 2). Instead 
the temperature effect is noticed in higher sintering temperatures, promoting HA decomposition (Table 2, Figs. 2-3). 
HA is decomposed at 1200 C in TTCP and E-TCP phases, the main majority phases, according to this following 
possible reaction [Liao (1999)]: 
 
2Ca5(PO4) 3(OH) ė 2 E-Ca4O9P2 Ca3O8P2 + H2O                                                                                (1) 
 
While decomposition at 1300 ºC includes CaO as additional phase product of the reaction [Ou (2013)]: 
 
2Ca5 (PO4) 3 (OH) ė 3 E-Ca3O8P2 + CaO + H2O                                                                      (2) 
 
The phase distribution becomes more complex when TiO2 is incorporated. This phase promotes other solid state 
reactions that begin at 1000 ºC (Fig. 2, Table 2), the decomposition of the HA in E-TCP takes place as well, 
according to the following proposed reaction [Balamurugan (2007)]: 
 
2Ca5 (PO4) 3 (OH) + TiO2 ė 3 E-Ca3O8P2 + CaTiO3 + H2O                                                       (3) 
 
The reaction shows the formation of Calcium Titanate, CaTiO3 (Table 2) [Oktar (2006)]. The reason for the 
breakdown of HA in TTCP and CaO, in the presence of TiO2, is not found in the literature. In particular, the CaO 
will react with TiO2, providing additional titanate in the form: 
 
CaO + TiO2 ė CaTiO3                                                                                      (4) 
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Semi-quantitative changes of weight fractions of each phase, Xf, as a function of the initial TiO2 content (x), can 
be can be roughlyestimated by means of the following relation [Connolly (2012)]: 
    
max
max
100% ff
ii
I x
X x
I x
 ¦                                                                                                                           (5) 
Where the sum addition extends over all phases detailed in Table 1. 
The calculation results of (5), employing Table 2 data, are detailed in Table 3. 
Table 3. Estimated Xf  weight fractions of each phase. 
 Xf   
T 
[C] 
X 
[wt. %] HAB E-TCP TTCP CaO CaTiO3 TiO2 
1000 0 100 0 0 0 0 0 
1000 12,5 10,1 38,8 6,2 3,9 27,1 14,0 
1000 25 5,5 36,9 5,5 2,9 28,0 21,4 
1000 100 100 0 0 0 0 0 
1200 0 76,9 20,0 3,1 0 0 0 
1200 12,5 0 48,8 6,3 2,0 33,7 9,3 
1200 25 0 23,0 3,9 2,8 14,0 56,2 
1200 50 10,2 39,2 6,3 2,8 27,5 14,1 
1200 75 0 11,7 2,3 3,1 4,7 78,1 
1200 100 0 0 0 0 0 100 
1300 0 18,3 65,4 9,2 7,2 0 0 
1300 12,5 0 51,8 5,7 3,1 32,6 6,7 
1300 75 0 22,9 1,8 1,8 13,3 60,2 
1300 100 0 0/0 0/0 0/0 0 100 
 
In particular, CaTiO3 content as function of the TiO2 content and the sintering temperature is individualized in 
Fig. 4. This is of interest for improving the bioactivity of Ti alloys [Abe (2008) and Balamurugan (2007)]. Thus, its 
magnitude reaches close to 38% by mass, when x is 12.5 %. 
 
Fig- 4. Estimating the variation of the weight fraction of CaTiO3 to different concentrations of TiO2 and sintering temperatures. 
 
The morphology of these ceramics also varies with the sintering temperature and TiO2 content of. Increasing of 
the first variable promotes diffusion between the grains of calcium phosphates and Rutile, according to EDS 
analysis (Fig. 5), and  the grains begin to have rounded edges (Fig. 6). 
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Element Mass % Atomic %  
O K 43.20 67.35 
P K 5.84 4.70 
Ca K 13.87 8.63 
Ti K 37.10 19.32 
Total 100.00 100.00 
  
Fig- 5. EDS chemical analysis in the area indicated HAB-50TiO2 pressed and sintered at 1200 "C. 
 
This effect is enhanced with TiO2 content increase, which promote the formation a nearly continuous matrix, 
because this oxide has a sintering temperature lower than required by HA, for obtaining ceramics with sufficient 
tenacity for clinical applications. 
 
  
  
Fig. 6. Morphologies of the surface of specimens HAb-xTiO2 sintered at 1200 "C (left) and 1300 "C (right). SEM micrographs. 
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3. Conclusions 
The combination of natural hydroxyapatite with TiO2, in the range of 12.5-75 % (in wt.), allows to produce 
ceramics with sufficient tenacity for clinical applications, when the sintering temperatures are higher than 1000 °C. 
The results show that the TiO2 promotes solid state reactions, which involve the hydroxyapatite decomposition in E-
TCP, TTCP and CaO, and the formation of calcium titanate, CaTiO3. This phase is of greater significance with 
respect to its biological role, because it enhances osteogenesis when it is in contact with implant Ti alloys. The 
content of this phase reaches a maximum close to 38% when TiO2 content is 12.5 %. 
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